1. Introduction {#sec1}
===============

Stroke is a leading cause of death \[[@B1]\] and it is also a leading cause of chronic disability with 100,000 patients having their first stroke annually in the UK. Although the rate of mortality due to stroke has been falling, the prevalence of stroke is expected to increase in the future due to the aging population \[[@B2]\]. The improvement of motor recovery and motor plasticity of a patient along specific patterns is the aim of rehabilitation exercises \[[@B3]--[@B6]\]. The use of robotic technology in rehabilitation can accelerate the treatment and recovery of the disabled and it actuates the rehabilitation clinics to change their path from labour-intensive operations to technology-assisted operations \[[@B7]\]. Emerging robotic technology in a traditional rehabilitation therapy session would provide high quality treatment at a lower cost and effort. The level of motor recovery of patients can be quantified by defining different rehabilitation exercises for the robot \[[@B8]\].

Different lower limb rehabilitation-assisting robots have been developed to revive the functional mobility of damaged limbs, ranging from complex computerized stations to simple structures. These systems have been categorized in five different groups: (i) treadmill gait trainers, (ii) foot-plate-based gait trainers, (iii) overground gait trainers, (iv) stationary gait trainers, and (v) ankle rehabilitation systems. In some studies resistive force has been provided during exercise and haptic simulation has been interacted with VR simulation \[[@B9], [@B10]\]. Using a 6-DoF parallel robot is an applicable method for lower limb rehabilitation due to its simple configuration and high flexibility in performing a different range of motions \[[@B10]\]. Rutgers is one of the pioneering ankle rehabilitation devices and its developments have been cited in eight different studies \[[@B11]--[@B17]\]. In another study, a high performance 2-DoF overactuated parallel mechanism has been designed and built for ankle rehabilitation based on custom designed backdrivable actuators and an impedance control system \[[@B19]--[@B21]\]. In another study, the prototype of a 3-RSS/S parallel mechanism has been produced for ankle rehabilitation application \[[@B21], [@B22]\], but no clinical trials have been found for this system.

To develop the robotic devices, first the motor learning and motor adaption of healthy people should be investigated; and then the neurologically injured patients can be rehabilitated with respect to the obtained results \[[@B23], [@B24]\]. Therapeutic exercises can vary from range of motion, active assistive isotonic, isometric, isokinetic, and manual exercises \[[@B25]--[@B27]\]. The path planning of a hybrid parallel robot for ankle rehabilitation was investigated based on inverse kinematics during normal walking and stepping \[[@B28]--[@B30]\]. The 6-DoF parallel robot is stiffer than a tripod as it employs extra three actuators \[[@B31]\]; hence it requires actuators with lower load capacity.

There have been multiple clinically evaluated systems using Kinect, but the majority are being used for upper limb rehabilitation, as seen in \[[@B32]--[@B34]\]. Kinect would only be a viable alternative to current red, green, blue, depth (RGB-D) cameras if it provided accuracy that was comparable. In \[[@B35]\] they investigated the accuracy of Kinect by comparing it to a Vicon camera, which is a very precise, but expensive and bulky, marker-based motion capture system. In \[[@B35]\] Kinect is distanced between 1.0 m and 3.0 m from the targets and the RMS errors between the Kinect and Vicon system are all below 10 mm. In \[[@B36]\] it is reported that although Kinect had varied success depending on the activity being done, there was still a good overall relationship between the results of the Kinect and the Vicon system for most movements. In \[[@B37]\] the Kinect is once again compared to the Vicon system, but this time it is tracking elderly persons\' foot movements; it is reported that it provides acceptable accuracy in measuring variation in stride velocity \[[@B38]\].

In this paper the healthy participants\' data has been used to evaluate the capability of a 6-DoF parallel robot during four various rehabilitation exercises. The performance of the robot based on real patient data during normal walking will be investigated in a separate research study. The aim of this study is to investigate and evaluate different characteristics of the parallel robot during the performance of different exercises for the rehabilitation of a lower limb. The CAD model and a physical prototype of a 6-DoF robot have been designed and built to simulate the predefined foot trajectories of healthy subjects. All of the required force will be supplied by the actuators during the performing of the exercises. A Kinect camera was used as a depth motion sensor to detect the position of the robot\'s end effector during its movements.

2. Methodology {#sec2}
==============

In this section, first the kinematics and dynamics of a parallel robot have been investigated and then the CAD model of the robot has been designed and simulated in SolidWorks software. The foot trajectories of 20 healthy participants have been analysed and recorded in the gait lab, where they have been used by the proposed parallel robot to follow these trajectories.

2.1. Kinematic Analysis {#sec2.1}
-----------------------

In order to calculate the length of actuators with respect to the reference foot trajectories, the inverse kinematic of 6-DoF parallel robot has been investigated \[[@B39]\]. Focusing the attention on a single leg, it is composed of two links connected to each other by a cylindrical joint and connected to the top and to the base by two respective universal joints. The potential centres of instantaneous rotations (CIR) allowed by the cylindrical joint are on the axis of the joint, while the potential CIR allowed by the top universal joint are in the centre of the joint. The combination of these CIR subspaces is coincident with the axis of the cylindrical joint because it intersects the centre of the universal joint. The same kinematical behaviour can be obtained with a prismatic joint (that substitutes the cylindrical joint) and a spherical joint (that substitutes the top universal joint). Thus we can observe that the proposed UCU parallel robot is kinematically equivalent to a Stewart platform.

In order to find the initial position of the joints connected to the moving platform (top) and fixed platform (base), the 3D CAD model of the robot was designed in SolidWorks ([Figure 1](#fig1){ref-type="fig"}). The coordinate system of *O* = (*X*, *Y*, *Z*) and *o* = (*x*, *y*, *z*) was placed on the centre of top and base, respectively. Equation ([1](#EEq1){ref-type="disp-formula"}) shows the homogeneous transformation matrix used in \[[@B39]\] and it represents the transformation of the top connecting point to the corresponding base points with respect to the standard Euler angles. The moving frame has been rotated about the fixed *Z*-, *y*-, and *z*-axes, respectively. where *t* = \[*Px*, *Py*, *Pz*\]^*T*^ and *ℜ* = (*α*, *β*, *γ*) represent the translation and rotation of top with respect to the base, respectively. *α* and *β* represent the approach vector of the moving platform and *γ* is the roll angle about it \[[@B39]\]. The positions of the top joints have been calculated by the following equation:$$\begin{matrix}
\left\lbrack { X_{Ti},Y_{Ti},Z_{Ti},1} \right\rbrack^{T} \\
{\mspace{1800mu} = T_{BASE}^{TOP}\left( { px,py,pz,\alpha,\beta,\gamma} \right)\left\lbrack { x_{Ti},y_{Ti},z_{Ti},1} \right\rbrack^{T}} \\
{\mspace{28910mu} i \in \left\{ {1,\ldots,6} \right\},} \\
\end{matrix}$$where **P** ~*i*~ = \[*X* ~*Ti*~, *Y* ~*Ti*~, *Z* ~*Ti*~\] represents the position of the top joints with respect to the base, **p** ~*i*~ = \[*x* ~*Ti*~, *y* ~*Ti*~, *z* ~*Ti*~\] represents the position of the top joints with respect to the end effector\'s coordinate reference, and *i* represents the number of actuators. The lengths of the actuators are therefore calculated using the following equations:$$\begin{matrix}
{\mathbf{S}_{i} = \left( { X_{Ti} - X_{bi}} \right) + \left( { Y_{Ti} - Y_{bi}} \right) + \left( { Z_{Ti} - Z_{bi}} \right)} \\
{\mspace{26430mu} i \in \left\{ {1,\ldots,6} \right\},} \\
\end{matrix}$$ $$\begin{matrix}
{L_{i} = \left\| {\mathbf{S}_{i}} \right\|\mspace{1800mu} i \in \left\{ {1,\ldots,6} \right\},} \\
 \\
\end{matrix}$$where (*X* ~*bi*~, *Y* ~*bi*~, *Z* ~*bi*~) shows the position of the *i*th connection point on the base.

The actuator force during different motions have been calculated based on inverse dynamic and Newton-Euler formulation presented at \[[@B40]\]. The unit vector along the actuator was calculated by the following equation:$$\begin{matrix}
{\mathbf{s}_{i} = \frac{\mathbf{S}_{i}}{L_{i}}\mspace{1800mu} i \in \left\{ {1,\ldots,6} \right\}.} \\
\end{matrix}$$The profile of force applied by the foot during different exercises was measured by the force plate in the gait lab and was used as the external force in calculating the actuator force. By calculating the magnitude of actuator forces ($\mathbf{F} = \begin{bmatrix}
F_{1} & F_{2} & F_{3} & F_{4} & F_{5} & F_{6} \\
\end{bmatrix}^{T}$), the resultant force (**R**) and momentum (**M**) for the system have been calculated by the following equations, respectively \[[@B40], [@B41]\]:$$\begin{matrix}
{\mathbf{R} = {\sum\limits_{i = 1}^{6}{\mathbf{s}_{i}F_{i}}},} \\
 \\
\end{matrix}$$ $$\begin{matrix}
{\mathbf{M} = {\sum\limits_{i = 1}^{6}{\left( {\mathbf{b}_{i} \times \mathbf{s}_{i}} \right)F_{i}}},} \\
 \\
\end{matrix}$$where **b** ~*i*~ is the *i*th connection point at the base. The output force has been related to the input forces by ([7](#EEq7){ref-type="disp-formula"}) \[[@B41]\]:$$\begin{matrix}
{\left\lbrack {\begin{matrix}
\mathbf{R} & \mathbf{M} \\
\end{matrix}} \right\rbrack^{T} = \mathbf{H}\mathbf{F},} \\
\end{matrix}$$ $$\begin{matrix}
\mathbf{H} \\
{\mspace{430mu} = \begin{bmatrix}
\mathbf{s}_{1} & \mathbf{s}_{2} & \mathbf{s}_{3} & \mathbf{s}_{4} & \mathbf{s}_{5} & \mathbf{s}_{6} \\
{\mathbf{b}_{i} \times \mathbf{s}_{1}} & {\mathbf{b}_{i} \times \mathbf{s}_{2}} & {\mathbf{b}_{i} \times \mathbf{s}_{3}} & {\mathbf{b}_{i} \times \mathbf{s}_{4}} & {\mathbf{b}_{i} \times \mathbf{s}_{5}} & {\mathbf{b}_{i} \times \mathbf{s}_{6}} \\
\end{bmatrix},} \\
\end{matrix}$$where **H** is a 6 × 6 transformation matrix which describes the relation between the input forces and output forces. When **H** is singular, the extra load will be created on the platform which cannot be supported by the actuator forces. The singularities were identified while the value of determination of the matrix **H** was zero \[[@B41]\]. The static singularity will appear when$$\begin{matrix}
{{\det\left\lbrack {\mathbf{H}\left\lbrack {\mathbf{X}p} \right\rbrack} \right\rbrack} = 0.} \\
\end{matrix}$$Equation ([9](#EEq9){ref-type="disp-formula"}) shows the singularity manifold for the 6-DoF Stewart platform which consists of continuous hypersurfaces which separate the task space into two or more disjointed segments \[[@B41]\]. The length of actuators, actuator forces, and workspace of the robot were calculated by a developed MATLAB program based on kinematics and dynamics of the robot.

2.2. Robot Analysis {#sec2.2}
-------------------

The prototype of the 6-DoF UCU parallel robot was designed and built in the Robotic Laboratory of University of Birmingham. Six servo actuators with a stroke size of 150 mm were used and the actuators were connected to the top and base by 12 universal joints. A SSC-32 microcontroller was used to control the position of the moving platform.

A Graphical User Interface (GUI) was designed and created in MATLAB to control the movements of the hexapod. The GUI included a data base library with four different exercises. The control system of the robot was designed in such a way to follow the trajectory of a foot during different exercises. Before the robot performed the exercise, its workspace, the required force for each actuator, the length of the actuators, the path motion, and singularly points were calculated and the results were displayed on the monitor.

Due to the stroke limitation of the prototype\'s actuators, the measured foot trajectories in the gait laboratory were scaled down to three times of the recorded trajectory by the Vicon system, except for in the ankle exercise where the foot trajectory was not scaled down. Then, the scaled-down trajectory was simulated in SolidWorks. The CAD model was linked to MATLAB and by moving the CAD model the physical prototype executed the same motion.

2.3. Gait Analysis {#sec2.3}
------------------

Twenty healthy people participated in this study: ten males with average age of 35.23 ± 3.02 years, height of 175.2 ± 4.34 cm, and weight of 82.764 ± 4.89 kg and ten females with an average age of 33.75 ± 2.34 years, height of 168.23 ± 3.43 cm, and weight of 59.453 ± 5.563 kg. The participants have been selected based on the following criteria: (1) able-bodied with no disabilities like drop foot, stroke; (2) weight less than 100 kg; (3) ability to perform functional movements like stair climbing and normal walking. The protocol was approved by the West Midlands Rehabilitation Centre (WMRC), Birmingham, UK. The experiment was advertised at the University of Birmingham and prior to the experimentation the ethical approval was granted to the WMRC and all participants completed a data collection consent form and a health declaration form.

As it is shown in [Figure 2](#fig2){ref-type="fig"}, based on consulting with physiotherapists at the WMRC, four different exercises were designed to be performed by the participants in barefoot mode.

The four exercises were (1) hip flexion/extension, (2) ankle dorsiflexion/plantarflexion, (3) stair climbing, and (4) marching. For each exercise, each participant had six good trials with their right leg and six good trials with their left leg. Before starting each exercise, each participant had a warm up trial. The gait laboratory was equipped with 12 Vicon cameras (six MX 3+ and six MX T40), two force plates (one Kistler FP1 with a frequency of 1000 Hz and one Ampti optima with a frequency of 1000 Hz), two digital cameras (sagittal plane and coronal plane), reflective markers, and Vicon Nexus software 1.8.5 and Vicon Polygon 3.5.1 software. After anthropometric measurements, 16 reflective markers were placed on anatomical landmarks with the assistance of therapists at the WMRC.

In the first exercise shown in [Figure 2(a)](#fig2){ref-type="fig"}, participants were asked to sit on a bar, and while they grasped the support bar, both their feet were placed on the force plates. Then, the participants were asked to perform hip flexion/extension with one leg while the other leg remained on the force plate. In the second exercise, shown in [Figure 2(b)](#fig2){ref-type="fig"}, participants were asked to use the support bar to perform ankle dorsiflexion exercise, while both their feet were placed on the force plates and both their hands were free. For the third exercise, a two-step platform was placed in the middle of the gait laboratory\'s walkway. Stair climbing was started with the participant\'s right foot used for the first six trials and their left foot was used to start the next trials. The height of each step was 209 mm and the reflective markers were placed on the edges of the step platform to define the location of the stairs. This exercise was created by three submovements; the starting foot moves from the floor to the first step; then the other leg starts its movement from the floor to the second step and finally the starting leg moves from the first step to the second step. In this study only the first movement of the foot segment from the floor to the first step will be investigated.

For instance, the left leg was the starting leg in [Figure 2(c)](#fig2){ref-type="fig"}. In the last exercise shown in [Figure 2(d)](#fig2){ref-type="fig"}, participants were asked to stand on the force plate with one foot on each of the right and left force plates. Then participants were asked to bend their knees to the point that their femur was parallel to the ground. This exercise was called marching due to its similarity to military marching. In each exercise the maximum applied force by the leg was measured by the force plate and this was used as an external force which was applied on top of the parallel robot. With respect to the different weights of the participants, the mean value of the maximum forces was calculated for each exercise.

2.4. Tracking the Foot Trajectory by a Kinect Camera {#sec2.4}
----------------------------------------------------

To validate the movement of the physical model with the obtained results of the CAD model, a Kinect camera was used as an optical sensor to track and detect the position of the physical hexapod during performance of the exercises. A skeleton model of a lower limb was placed on the moving platform and the movements of the foot were recorded by two Kinect cameras during all exercises. Blue, red, and green paper markers were placed on anatomical landmarks of the foot, similar to the anatomical landmarks which were used in the gait laboratory. It is important to note that the Kinect has serious problems with detecting transparent, reflective, or absorptive objects, as the infrared pattern is not visible or reflected correctly \[[@B42]\]. This is also a reason for using coloured markers on the metal plate, as the reflective surface would cause tracking problems in the depth values. One Kinect camera was placed in the sagittal plane and another one was placed in the lateral plane. In \[[@B43]\] how the depth was calculated by the Kinect was explained.

In order to detect a colour point first the Kinect camera was linked to the visual studio; then the timer read the value, as shown in [Figure 3](#fig3){ref-type="fig"}. If that value is equal to 100 ms then the camera distinguishes the colour block and measures the position of the marker. A closed loop was then created in order to detect the position continuously.

In order to calibrate and measure the accuracy of the camera, a ruler with a resolution of 0.1 mm was used. The centre point of a blue marker was placed in different positions along the *x*- and *y*-axes and the measured values were compared with those measured by the ruler. Ten trials were performed along the *y*-axis from 0--300 mm with increments of 30 mm, as shown in [Figure 4](#fig4){ref-type="fig"}. A black background was used to reduce the noises created by light. The green, red, and blue markers have been detected by the Kinect camera and they have been marked by yellow circles.

The positions of the markers were measured with respect to the coordinate reference shown in [Figure 5](#fig5){ref-type="fig"}. A skeleton model of a leg was connected to a flexible holder from the hip joint and its foot segment was attached on the centre of the moving platform by double-sided sticky tape.

The joints used in the skeleton\'s knee and ankle model give a wide range of movement for performing different exercises. The position error of the Kinect camera was calculated by comparing its results with those of a Vicon camera. While one camera tracked the movement of the robot in the sagittal plane, the other tracked it in the coronal plane. The data received from the Kinect camera was stored in real time.

3. Results and Discussion {#sec3}
=========================

3.1. Workspace of the Robot {#sec3.1}
---------------------------

The structural limitations and singularity points of the robot have been considered along the path motion. As it is shown in [Figure 6](#fig6){ref-type="fig"}, the workspace of the robot was simulated in MATLAB software based on the developed numerical method in MATLAB, the structural limitation of the robot, and Cartesian and polar algorithms. The resolution of simulation can be increased by increasing the number of mesh points. The robot was able to move 240 mm along the *x*- and *y*-axes and 140 mm along the positive *z*-axis.

All foot trajectories during different exercises were simulated in MATLAB. The lengths of the actuators were calculated based on ([3a](#EEq3a){ref-type="disp-formula"}). The singularity condition of the robot was checked within the workspace by the developed program in MATLAB. As it is shown in [Figure 7](#fig7){ref-type="fig"}, the ranges of motions for different trajectories have been illustrated and it can be found that the end effector moved along the paths inside the workspace. The range of movement for all exercises except the ankle exercise was out of the workspace of the robot, so the trajectory of motion for the marching, hip, and stair climbing exercises has been scaled down three times compared to the recorded trajectory in the gait. In the ankle exercise the moving platform reached the maximum of 6 cm along the *z*-axis and then returned to the home position ([Figure 7(a)](#fig7){ref-type="fig"}). In the hip exercise the robot simulated the flexion/extension movement for the leg and it reached the maximum of 124 mm along the *z*-axis ([Figure 7(b)](#fig7){ref-type="fig"}). In the marching exercise the robot reached the maximum of 140 mm along the *z*-axis and the variation of movement along the *x*-axis was between 0 and 10 mm ([Figure 7(c)](#fig7){ref-type="fig"}). In stair climbing, the robot simulated the movement of the foot during one step and it reached the maximum of 110 mm along the *z*-axis ([Figure 7(d)](#fig7){ref-type="fig"}).

3.2. Robot Execution and Kinect Detection {#sec3.2}
-----------------------------------------

In this section, it will be explained how the exercises were executed by the robot and how the position errors were measured by the Kinect camera. As an example, one of the exercises will be discussed here. As it is shown in [Figure 8(b)](#fig8){ref-type="fig"}, the trajectory of the foot and the ground reaction force during marching were measured and analysed. The constructed robot followed the scaled-down trajectory of the foot during the marching exercise and it is shown in [Figure 8(a)](#fig8){ref-type="fig"}.

Working with a Kinect camera in a laboratory environment was much easier, faster, and cheaper than using Vicon cameras in a clinical environment. Based on the calibration test mentioned in [Section 2.4](#sec2.4){ref-type="sec"}, the mean value of the position error was 2.6 mm for Kinect camera. In this experiment the movements of the skeleton model of the foot and moving platform were measured by the Kinect camera. The position error between the results obtained by the Kinect camera and Vicon camera has been reported in [Table 1](#tab1){ref-type="table"}.

As it is shown by [Table 1](#tab1){ref-type="table"}, the maximum and minimum position errors were 34.15 mm in the *x*-axis in marching and 10.75 mm in the *x*-axis in the ankle exercise, respectively. Since two cameras were used to track the movements of the robot, one of them tracked the movements in the *x*- and *z*-axes and the other one was used to track the movements in the *y*- and *z*-axes. The position error can be decreased by better synchronization between the two cameras. Also these two cameras were placed 1 m away from the robot in order to capture the whole of the movements of the robot without relocating the position of the cameras; this might be another reason for the position error. In this study, a black background was used in order to reduce the light reflection and detect the markers with better resolution; some preliminary tests proved this issue. The robot repeated execution of each exercise 12 times and the mean position error along different axes was presented in [Table 1](#tab1){ref-type="table"}. Considering the Kinect camera as a partly accurate and cheap replacement for a Vicon camera was another achievement of this paper and the error of using a Kinect camera during rehabilitation experiments was addressed fairly. The most important factors in reducing these errors are increasing the number of cameras and preparing a proper location based on light reflections.

4. Conclusion {#sec4}
=============

In this paper different rehabilitation exercises have been simulated by a 6-DoF parallel robot prototype. The ability of the robot during the performance of these exercises has been investigated; however, the trajectories of the foot, for the marching, stair climbing, and hip exercises were scaled down due to the stroke limitation of the actuators used. The maximum and minimum position errors of the trajectories of the physical robot for the same exercises obtained by the Kinect camera were measured to be 34.15 mm and 10.75 mm, respectively. In all cases the robot followed all the trajectories without encountering any singular points. The outcome of this research demonstrates a real capability exhibited by the robot as a robust device for performing various lower limb rehabilitation exercises for patients with lower limb disability.
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![The CAD model of the robot designed in SolidWorks.](ABB2016-8584735.001){#fig1}

![Four rehabilitation exercises performed by healthy subjects in the gait laboratory and the foot trajectories were simulated using the Vicon system: (a) hip flexion/extension; (b) ankle dorsiflexion/plantar flexion; (c) stair climbing; (d) marching.](ABB2016-8584735.002){#fig2}

![Logical flowchart demonstrating colour detection by Kinect camera.](ABB2016-8584735.003){#fig3}

![Calibration of Kinect camera: (a--k) along *y*-axis for every 30 mm from 0 mm--300 mm. (l) Experimental blue marker.](ABB2016-8584735.004){#fig4}

![Colour marker detection by Kinect camera using KinectColorBlock software.](ABB2016-8584735.005){#fig5}

![Calculated workspace of the robot in MATLAB.](ABB2016-8584735.006){#fig6}

![Foot trajectory (blue circles) versus robot\'s trajectory (red line) during 4 different exercises: (a) ankle exercise, (b) hip exercise, (c) marching, and (d) stair climbing.](ABB2016-8584735.007){#fig7}

![Performing marching exercise (a) by the robot and (b) by healthy subject.](ABB2016-8584735.008){#fig8}

###### 

Position error of Kinect camera during movements of skeleton model of foot by hexapod.

  Type of exercise   Maximum position error (mm)   Minimum position error (mm)                           
  ------------------ ----------------------------- ----------------------------- ------- ------- ------- -------
  Marching           34.15                         32.78                         34.05   11.75   10.81   12.04
  Ankle exercise     32.02                         33.06                         33.25   10.75   10.95   11.80
  Knee exercise      33.54                         31.65                         31.84   11.02   10.75   10.84
  Stair climbing     33.24                         35.02                         33.54   11.46   12.34   11.99
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